U n i v e r s i t y o f C a l i f o r n i a , B e r k e l e y SUMMARY A Dual Mode E l e c t r i c T r a n s p o r t a t i o n (DMET) system i s under development i n which energy i s electromagneti c a l l y t r a n s f e r r e d f r o m a powered roadway t o moving vehicles without mechanical contact. Energy from the roadway can be used f o r high-speed, long range travel, and f o r r e p l e n i s h i n g e n e r g y s t o r e d i n t h e v e h i c l e i n b a t t e r i e s o r f l y w h e e l s . The s t o r e d e n e r g y i s t h e n a v a i l b l e f o r s h o r t -r a n g e t r a v e l o f f t h e p o w e r e d highway network.
A s t a t i c p r o t o t y p e o f t h e i n d u c t i v e power coup-1 i n g has been b u i l t and tested. Power t r a n s f e r was demonstrated t o conform t o t h e models developed i n an e a r l i e r phase o f t h e p r o j e c t . The p r o t o t y p e was used t o s t u d y t h e power o f c o u p l i n g mechanism and r e s u l t i n g d e s i g n i m p r o v e m e n t s a r e i n c o r p o r a t e d . T e s t s o f p r o p e r t i e s o f t h e c o u p l i n g i n c l u d e d e l e c t r i c a l c h a r a ct e r i z a t i o n o f t h e p r o t o t y p
e e q u i p m e n t , m e a s u r e m e n t s o f the magnetic force between power source and pickup, measurements of coupled power versus pickup airgap and o f f s e t , measurements o f m a g n e t i c f l u x i n and around t h e p r o t o t y p e , and measurements o f t h e r m a l e f f e c t s i n d u c e d b y c o u p l e d p o w e r .
T h e t e s t s r e s u l t e d i n several desigr; improvements which were incorporated i n t o t h e c o u p l i n g d e s i g n .
Results from the power coupling study were used t o a i d i n t h e d e s i g n o f t h e d y n a m i c p r o t o t y p e , i n which a f i f t y meter powered test track and e l e c t r i c c a r w i t h power pickup w i l l be tested.
I n t r o d u c t i o n
There i s a c o n t i n u i n g i n t e r e s t i n t r a n s p o r t a t i o n systems that can improve on the performance of the personal internal combustion engine powered car i n and a r o u n d c i t i e s .
The g r o w i n g s o c i a l , p o l i t i c a l , and e c o n o m i c c o s t s o f p e t r o l e u m -b a s e d t r a n s p o r t a t i o n p r o v i d e s t r o n g i n c e n t i v e s t o d e v e l o p e l e c t r i c t r a n sp o r t a t i o n t e c h n o l o g y .
The s h a r p l y i n c r e a s i n g t r a f f i c on expressways spurs the development and installation o f i m p r o v e d p u b l i c t r a n s p o r t a t i o n o n t h e one hand, and c o n t i n u e d p r e s s u r e f o r e x p r e s s w a y c o n s t r u c t
i o n o n t h e o t h e r . I n l i g h t o f t h e g r o w i n g r e s i s t a n c e t o e x p r e s sway c o n s t r u c t i o n i n c i t i e s , a u t o m a t i c c o n t r o l o f t r a f f i c , y i e l d i n g g r e a t e r t r a f f i c d e n s i t i e s p e r lane, i s seen as an a l t e r n a t i v e t o t h e c o n s t r u c t i o n o f
*Work performed under the auspices of the Department o f Energy. more lanes. Thus, s e v e r a l f o r m s o f a u t o m a t i c e l e c t r i c t r a n s p o r t a t i o n a r e p r o p o s e d as s o l u t i o n s t o c u r r e n t and f u t u r e p r o b l e m s o f p u b l i c and p r i v a t e t r a n s p o r t .
An i n d u c t i v e p o w e r c o u p l i n g , i n v e s t i g a t e d a t t h e L a w r e n c e B e r k e l e y L a b o r a t o r y u n d e r D e p a r t m e n t o f E n e r g y s p o n s o r s h i p , h a s c h a r a c t e r i s t i c s w e l l -s u i t e d t o many t y p e s o f t r a n s p o r t a t i o n systems, and i s p a r t i c ul a r y s u i t e d t o t h e d e v e l o p m e n t o f a n e l e c t r i c ( a n d i f d e s i r e d , a u t o m a t i c a l l y c o n t r o l l e d ) r e p 1 acement f o r t h e u r b a n c o m m u t e r s ' g a s o l i n e c a r s . T h i s i n d u c t i v e c o u p l i n g p r o v i d e s f o r t h e c o n t a c t l e s s t r a n s f e r o f e l e c t r i c p o w e r f r o m a s o u r c e b u r i e d b e n e a t h t h e r o a d w a y s u r f a c e t o a p i c k u p s u s p e n d e d b e n e a t h t h e t r a v e l l i n g v e h i c l e . T h i s p a p e r d e s c r i b e s t e s t s made on a s t a t i c p r o t o t y p e o f t h i s power coupling, and the work i n p r o g r e s s on the dynamic prototype, a f i f t y m e t e r p o w e r e d r o a d w a y a n d e l e c t r i c v e h i c l e . T h e s t a t i c p r o t o t y p e t e s t r e s u l t s s u p p o r t t h e p r e d i c t i o n s o f an e a r l i e r f e a s i b i l i t y i n v e s t i g a t i o n , l w h i c h c o n t a i n e d p r e l i m i n a r y d e s i g n s f o r t h e power coupling, m o d e l l e d t h e e l e c t r i c a l a n d m a g n e t i c c h a r a c t e r i s t i c s o f t h a t s t r u c t u r e , and proposed a scheme f o r making s u b s t a n t i a l u s e o f t h e c o u p l i n g .
The f e a s i b i l i t y i n v e s t i g t i o n c o n s i d e r e d a Dual Mode E l e c t r i c T r a n s p o r t a t i o n (DMET) system based on a
City ""w n / c o n t i n u o u s roadway power s o u r c e and e l e c t r i c c a r carrying a power pickup, shown in figure 1. When the vehicle is travelling on a powered roadway, energy i s a v a i l a b l e t o propel the vehicle a t high speed and to recharge the vehicle's energy storage pack--batteries or flywheel. Stored energy is then available t o move t h e c a r o f f t h e a r t e r i a l powered roadway. Figure 2 i s a schematic of t h e roadway power system. I t shows roadside power conditioners driving mile-long loops on freeways, with cars receiving coupled power. N o t e a l s o t h e powered approach ramp.
A v e h i c l e driving on c i t y s t r e e t s on energy from i t s b a t t e r y pack lowers i t s pickup from the retracted position as i t enters the ramp, thereby receiving power t o acceler a t e t o freeway speeds.
The p r o v i s i o n of coupled power allows the DMET vehicle t o overcome the range a n d p e r f o r m a n c e l i m i t a t i o n s of b a t t e r y powered electric cars. A cross-sectional view of the prototype source and pickup i s shown in Figure 3 . The coupling mechanism i s s i m i l a r t o t h a t in conventional power transformers.
The s o u r c e i s i n s t a l l e d w i t h i t s u p p e r surface flush with the roadway. The pickup i s suspended from the car approximately three centimeters above the roadway surface. Both the source and pickup a r e c o n s t r u c t e d of 1 ami n a t e d t r a n s f o r m e r s t e e l , together with suitable windings.
The source conductor c a r r i e s 900 A a t a frequency of 180
Hz. When t h e p i c k u p i s i n t h e p o s i t i o n shown i n F i g u r e 1 , t h e For a roadway serving the daily traffic load of a California f r e e w a y , t h e a v e r a g e d a i l y e f f i c i e n c y a p p r o a c h e s
90%.
Testing the Static Prototype A static prototype of the inductive power coupling was i n s t a l l e d a t the Lawrence Berkeley Laboratory. Figure 5 shows the arrangement of the equipment in the work area.
The power c o u p l i n g p r o t o t y p e c o n s i s t e d o f a length of roadway power source a n d a s h o r t power pickup. Figure  3 shows a c r o s s s e c t i o n of t h i s prototype, which was designed t o model in full scale a section of a coupling suitable for highway use. The source core was 230 cm long and t h e pickup core was 7 7 cm long.
A pickup suitable for a compact automobile would be more t h a n t w i c e t h e l e n g t h o f t h e p r o t o t y p e .
Because the.power capacity of the coupling i s d i r e c t l y p r o p o r t i o n a l t o i t s l e n g t h , i t was f e a s i b l e t o employ the shorter, less expensive prototype without compromising t h e u t i l i t y of the test results. Figure  6 i s a schematic of the prototype power coupling. The source loop was e x c i t e d b y a motor-generator s e t c a p a b l e o f g e n e r a t i n g p o w e r o v e r t h e 1 5 0 -2 1 0 Hz f r e q u e n c y r a n g e .
T h e p i c k u p w a s e q u i p p e d w i t h a v a r i a b l e c a p a c i t o r ' b a n k t o c o n t r o l v o l t a g e i n d u c e d i n t h e p i c k u p c i r c u i t . The p i c k u p c o u l d b e l o a d e d e i t h e r w i t h a r e s i s t a n c e l o a d o r a c i r c u i t t o s i m u l a t e b a t t e r y c h a r g i n g l o a d . T h e t e s t f a c i l i t y a l s o i n c l u d e d an a r r a y
o f i n s t r u m e n t a t i o n f o r m e a s u r i n g currents, voltages, power, phase relationships and m a g n e t i c f i e l d s .
A number o f t e s t s o f t h e f u n d a m e n t a l p r o p e r t i e s o f t h e i n d u c t i v e c o u p l i n g w e r e p e r f o r m e d a t t h e s t a t i c p r o t o t y p e f a c i l i t y . The t e s t r e s u l t s were used t o c h a r a c t e r i z e t h e i n d u c t i v e c o u p l i n g , t o p r o v i d e i n f o rm a t i o n n e e d e d b y d e s i g n e r s o f i n d u c t i v e c o u p l e d t r a n s p o r t a t i o n s y s t e m s , and t o i m p r o v e t h e d e s i g n o f t h e p o w e r c o u p l i n g components. The s t a t i c p r o t o t y p e was used t o measure:
E l e c t r i c a l P e r f o m a n c e . P a r a m e t r i c v a l u e s of t h e c o u p l i n g a n d p o w e r t r a n s f e r c o n t r o l l a b i li t y were measured. Loss measurements and a l o s s r e c o n c i l i a t i o n w e r e made.
A simulated b a t t e r y c h a r g e r and motor load was a p p l i e d t o t h e p i c k u p c i r c u i t . P a r t i c u l a r a t t e n t i o n was p a i d t o t h e v a r i a t i o n i n c o u p l i n g p a r a m e t e r s i n d u c e d b y c h a n g e s i n l a t e r a l o f f s e t a n d v e r t i c a l gap between the source and pickup.
M a g n e t i c F i e l d . M a g n e t i c f i e l d p r o f i l e s w e r e t a k e n f o r t h e s o u r c e i n b o t h t h e c o u p l e d
and uncoupled condition. Extensive measurements were made o f t h e m a g n e t i c f l u x d i s t r i b u t i o n i n t h e s t e e l c o r e s o f s o u r c e a n d p i c k u p , 1 eadi ng t o d e s i g n r e f i nements.
Magnetic Force. Measurements were made o f t h e v e r t i c a l a t t r a c t i v e f o r c e a n d l a t e r a l centering force between source and pickup.
Thermal and Acoustic Effects. Measurements were made o f h e a t i n g c a u s e d b y e n e r g y t r a n sf e r r e d f r o m t h e s o u r c e ' s m a g n e t i c f i e l d t o n e a r b y s t e e l s t r u c t u r e s . Some a c o u s t i c effects were examined. E l e c t r i c a l P e r f o r m a n c e
The s t a t i c p r o t o t y p e s c h e m a t i c i n F i g u r e
6 shows t h e c o u p l i n g a p p a r a t u s a n d t h e p o i n t s w h e r e t h e e l e c t r i c a l m e a s u r e m e n t w e r e made. The p r o t o t y p e was f i r s t u s e d t o c h a r a c t e r i z e t h e i n d u c t i v e a n d r e s i s t i v e p a r a m e t e r s o f t h e c o u p l i n g i t s e l f . T h e model i s s i m i l a r t o t h a t o f a p o w e r t r a n s f o r m e r d r i v e n by a c u r r e n t s o u r c e l~3 . F i g u r e 7 shows t h e e q u i v al e n t c i r c u i t . Because t h e c o u p l i n g was d r i v e n b y a current source, the primary leakage inductance and r e s i s t a n c e d o n o t a f f e c t t h e c o u p l i n g i t s e l f , b u t c a u s e l o s s e s i n t h e s o u r c e p o w e r c i r c u i t .
T h e usual open-and s h o r t -c i r c u i t measurements were made t o c h a r a c t e r i z e t h i s c o u p l i n g .
The mutual inductance Lm and t h e c o u p l i n g l e a k a g e i n d u c t a n c e L are measures o f p o w e r t r a n s f e r c a p a b i l i t y , w h i l e !he c o r e l o s s r e s i s t a n c e R f , a n d t h e c o p p e r l o s s r e s i s t a n c e R p model t h e c i r c u i t l o s s e s . These f o u r p a r a m e t e r s a r e fundamental measures o f t h e c h a r a c t e r i s t i c s o f t h e coupl ing.
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F i g u r e 7. E q u i v a l e n t c i r c u i t o f t h e p o w e r c o u p l i n g , 
F i g u r e 8 shows t h e r e l a t i o n s h i p s o f R f , Lm, and Lp as t h e p i c k u p i s d i s p l a c e d l a t e r a l i y from the c e n t e r o f t h e s o u r c e . The i n i t i a l v a l u e o f t h e m u t u a l inductance Lm a g r e e s c l o s e l y w i t h t h e p r e d i c t i o n o f t h e f e a s i b i l i t y i n v e s t i g a t i o n . The r a t i o Lm/(Lm + L p ) g i v e s t h e f r a c t i o n o f f l u x w h i c h l i n k s t h e source and pickup.
A l a r g e f r a c t i o n r e f l e c t s good c o u p l i n g , i n d i c a t i n g f u l l u t i l i z a t i o n o f m a g n e t i c m a t e r i a l s f o r power transfer. For a t y p i c a l power t r a n s f o r m e r , L p i s s m a l l , a n d t h e r a t i o i s n e a r l y 1.0.
F o r t h e i n d u c t i v e power c o u p l i n g a t z e r o o f f s e t , t h e r a t i o i s a b o u t 0 . 8 3 . T h i s i n d i c a t e s t h a t t h e coupling design achieves the needed power transfer l e v e l a t a r e a s o n a b l e m a t e r i a l s c o s t a n d l e v e l o f c o m p l e x i t y .
As t h e p i c k u p o f f s e t i s i n c r e a s e d , t h e r a t i o d e c r e a s e s . Thus, i n c r e a s i n g p i c k u p o f f s e t caused by d r i v e r s t e e r i n g g r a d u a l l y r e d u c e s t h e power a v a i l a b l e t o t h e v e h i c l e . Core 1 o s s i s g r e a t e r t h a n c o p p e r 1 o s s i n t h e c o u p l i n g . A l s o , c o p p e r l o s s i s i n d e p e n d e n t o f o f f s e t . F i g u r e 8 shows t h a t R f i s l a r g e a t z e r o o f f s e t , i n d i c a t i n g t h a t l o s s i s a s m a l l p e r c e n t a g e o f t h e t r a n s f e r r e d power.
As
t h e e a r l y p r e d i c t i o n o f t h e r e l a t i o n between mutual inductance o f t h e c o u p l i n g and t h e a i r g a p b e t w e e n p i c k u p and source. The nominal a i r g a p f o r t h i s d e s i g n i s t h r e e c e n t i m e t e r s , Because t h i s i s b e y o n d t h e " k n e e " o f t h e c u r v e , f u r t h e r i n c r e a s e s i n g a p c a u s e o n l y a g r a d u a l d e c r e a s e i n c o u p l i n g . T h u s , i m p l e m e n t a t i o n s o f t h i s p o w e r coup1 i n g w h i c h r e q u i r e a greater nominal gap can be achieved without major design compromises.
F i g u r e 1 0 shows t h e r e l a t i o n s h i p s o f t h e f o u r b a s i c p a r a m e t e r s t o f r e q u e n c y .
As e x p e c t e d , t h e inductances are constant.
The c o p p e r l o s s r e s i s t a n c e i n c r e a s e s w i t h f r e q u e n c y b e c a u s e o f t h e s k i n e f f e c t i n t h e c o n d u c t o r .
H o w e v e r , t h e c o r e l o s s r e s i s t a n c e 
e c u r r e n t , and t h e t o l e r a n c e o f t h e c o u p l i n g t o v a r i a t i o n s i n l a t e r a l o f f s e t and v e r t i c a l gap o f t h e p i c k u p c a n a l l be e v a l u a t e d i n t e r m s o f t h e r e l a t i o n s b e t w e e n Lm, tP, Rp, and R f .
T h e v a l u e s m e a s u r e d o n t h e e x i s t l n g p r o t o t y p e i n d i c a t e a v e r y u s e f u l c a p a b i l i t y f o r power t r a n s f e r . However, t h e r e a r e s t r o n g i n d i c a t i o n s t h a t f u r t h e r d e s i g n s t u d i e s c o u l d i m p r o v e e f f i c i e n c y , reduce cost, and expand o p e r a t i n g t o l e r a n c e s f o r gap and o f f s e t . 
E f f i c i e n c y o f t h e i n d u c t i v e p o w e r c o u p l i n g i n a t r a n s p o r t a t i o n s y s t e m i s one o f t h e m o s t i m p o r t a n t p a r a m e t e r s s t u d i e d o n t h e s t a t i c p r o t o t y p e . B e c a u s e t h e p i c k u p l e n g t h a n d c o n s t r u c t i o n d e t a i l s o f t h e p r o t o t y p e w e r e n o t t h e same a s t h a t o f a p r o p o s e d h i g h w a y , c e r t a i n l o s s e s w e r e p a r t i c u l a r t o t h e t e s t s e t u p . A d e t a i l e d e l e c t r i a l m o d e l o f t h e s t a t i c p r o t o t y p e w h i c h a c c o u n t e d f o r a l l t h e l o s s e s i n t h e s y s t e m w a s c o n s t r u c t e d . M e a s u r e m e n t s w e r e made o f t h e power l o s t i n each o f t h e s y s t e m e l e m e n t s . I n e a c h o f s e v e r a l c a s e s , a l l t h e i n p u t p o w e r was accounted f o r t o w i t h i n t h e a c c u r a c y o f t h e m e a s u r i n g i n s t r u m e n t s . T h i s c o n f i r m s t h e a c c u r a c y a n d c m p l e t eness o f t h e p r o t o t y p e m o d e l . T h e l a r g e s t l o s s i n t h e p r o t o t y p e i s i n t h e source conductors. It i s a h i g h e r f r a c t i o n t h a n t h a t p r e d i c t e d f o r
a highway systen, since conductors of small cross-section were chosen because of availabili t y a n d e a s e o f h a n d l i n g .
O t h e r l o s s e s w e r e c o r e l o s s , c a b l i n g l o s s e s i n b o t h t h e s o u r c e and pickup c i r c u i t s , p i c k u p c o n d u c t o r l o s s , a n d c a p a c i t o r l o s s e s . F i g u r e 1 1 shows t h e o v e r a l l e f f i c i e n c y o f t h e p r o t ot y p e . E f f i c i e n c i e s r a n g e b e t w e e n 70 and 50% a t z e r o offset, depending on induced pickup voltage. These f i g u r e s d e m o n s t r a t e t h a t t h e e f f i c i e n c y model o f t h e f e a s i b i l i t y i n v e s t i g a t i o n i s a c c u r a t e . As such, they c o n f i r m t h e e f f i c i e n c y p r o j e c t i o n s o f a b o u t
90% f o r an e l e c t r i c highway system. F i g u r e 12. P i c k u p v o l t a g e v s c a p a c i t a n c e i n p i c k u p c i r c u i t . n a n g l e o f t h e r e c t i f i e r s i n t o t h e c o n s t a n t v o l t a g e l o a d . C a p a c i t i v e c o n t r o l o f d e l i v e r e d p o w e r was e f f e c t i v e o v e r t h e f u l l r a n g e . W a v e f o r m s a r e g i v e n i n r e f e r e n c e 2.
C o n t r o l o f power f l o w f r w n s o u r c e t o p i c k u p i s a n i m p o r t a n t c a p a b i l i t y o f t h e system. The f e a s i b i l i t y i n v e s t i g t i o n p r o p o s e d a vehicle power system i n which t h e a l t e r n a t i n g c u r r e n t f r o m t h e p i c k u p i s r e c t i f i e d f o r c h a r g i n g t h e b a t t e r y a n d d r i v i n g a d c m o t o r . V a r i a t i o n s i n t h e c o u p l i n g c a u s e d b y o f f s e t , gap, and load current must be compensated i n o r d e r t o m a i n t a i n a c o n s t a n t o u t p u t v o l t a g e . T h i s c o m p e n s a t i o n i s p r o v i d e d b y v a r y i n g c a p a c i t i v e l o a d i n g o f t h e p i c k u p . T h i s c a p a c i t i v e c o m p e n s t i o n c o n t r o l s t h e o u t p u t v o l t a g e b y b r i n g i n g t h e c o u p l i n g c i r c u i t c l o s e r t o resonance.
F i g u r e 1 2 i s a p l o t o f t h e v o l t a g e i n d u c e d a c r o s s a f i x e d l o a d r e s i s t a n c e v e r s u s c a p a c i t a n c e i n t h e p i c k u p c i r c u i t . C o n t r o l o f t h e l e v e l o f c o u p l e d v o l t a g e o v e r
M a g n e t i c F i e l d
The l i n k i n g m a g n e t i c f i e l d i s t h e mechanism o f p o w e r t r a n s f e r i n t h i s i n d u c t i v e p o w e r c o u p l i n g .
It i s necessary t o c h a r a c t e r i z e t h e m a g n e t i c f i e l d i n and a r o u n d t h e s t r u c t u r e s o f t h e c o u p l i n g t o u n d e r s t a n d i t s performance.
T h e m a c r o s c o p i c e f f e c t s o f t h e m a g n e t i c f i e l d a r e t h o s e e f f e c t s m e a s u r a b l e o u t s i d e t h e s t r u c t u r e s o f t h e source and pickup. Figure 13 shows a t e s t f i x t u r e used t o m e a s u r e t h e m a g n e t i c f i e l d a r o u n d t h e c o u p l i n g . Two m a g n e t i c f l u x p r o b e s , s e n s i t i v e t o h o r i z o n t a l and v e r t i c a l m a g n e t i c f i e l d components respectively, were mounted a t t h e end o f t h e p r o b e p o s i t i o n i n g r o d . vs d i s t a n c e f r o m s o u r c e c e n t e r l i n e , a t v a r i o u s e l e v a t i o n s . 
F i g u r e 15. M a g n e t i c f l u x d e n s i t y i n s o u r c e c o r e l a m in a t i o n s w i t h c e n t e r e d p i c k u p , w i t h a n d w i t h o u t magnet i t e fill. This measurement technique indicated excessive f l u x l e v e l s i n some o f t h e o u t s i d e l a m i n a t i o n s o f t h e o r i g i n a l d e s i g n . A d d i t i o n a l l a m i n a t i o n s w e r e added t o m o d i f i e d c o r e s . F i g u r e 15 shows t h e f l u x c o n c e n t r at i o n i n t h e m o d i f i e d s o u r c e c o r e s .
No e x c e s s i v e f l u x c o n c e n t r a t i o n s e x i s t , b u t t h e l a m i n a t i o n s c l o s e s t t o t h e c o n d u c t o r s l o t c a r r y l e s s f l u x t h a n t h e r e s t . A f u r t h e r d e s i g n r e f i n e m e n t u s i n g f e w e r l a m i a n t i o n s n e a r t h e c e n t e r p r o v i d e d a m o r e u n i f o r m d i s t r i b u t i o n .
I n a h i g h w a y a p p l i c a t i o n o f t h i s t e c h n o l o g y , t h e s p a c e s b e t w e e n t h e l a m i n a t i o n s m u s t b e f i l l e d w i t h a m a t e r i a l c a p a b l e o f b e a r i n g t r a f f i c w e i g h t l o a d s . A m i x t u r e o f cement and magnetite f i l l e r was proposed t o achieve the needed strength and improve the magnetic
Magnetic Force
The magnetic f i e l d l i n k i n g t h e s o u r c e and pickup c r e a t e s an a t t r a c t i v e f o r c e b e t w e e n them. T h i s f o r c e p u l l s t h e p i c k u p downward toward the source. I f t h e p i c k u p i s o f f s e t f r o m t h e c e n t e r l i n e o f t h e s o u r c e , a h o r i z o n t a l c e n t e r i n g f o r c e i s p r e s e n t .
These f o r c e s a r e o f c o n c e r n b e c a u s e t h e y c o u l d i n f l u e n c e t h e h a n d l i n g and r i d e q u a l i t y o f t h e v e h i c l e t o w h i c h t h e p i c k u p i s a t t a c h e d , and because they influence the s t r u c t u r a l r e q u i r e m e n t s f o r t h e p i c k u p s u s p e n s i o n . 
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M e a s u r e m e n t s o f t h e h o r i z o n t a l a n d v e r t i c a l components o f t h e m a g n e t i c f o r c e w e r e made on t h e s t a t i c p r o t o t y p e . The f o r c e i s p r o p o r t i o n a l t o t h e s q u a r e o f t h e f l u x d e n s i t y a t t h e p o l e f a c e . F o r a g i v e n s t r u c t u r e , f l u x d e n s i t y i s a l s o p r o p o r t i o n a l t o coupled voltage. Design improvements to the model s u g g e s t e d b y e a r l i e r i n v e s t i g a t i o n w e r e i n c o r p o r a t e d i n t h e p r o t o t y p e s o u r c e and pickup. These changes reduced the magnetic force by increasing the pole face a r e a , t h e r e b y r e d u c i n g t h e f l u x d e n s i t y .
The v e r t i c a l f o r c e was l e s s t h a n 20 k g a t f u l l v o l t a g e .
S
The h o r i z o n t a l m a g n e t i c f o r c e m e a s u r e d on t h e p i c k u p was l e s s t h a n 4 k g . A g a i n , s c a l i n g f o r a compact car, a h o r i z o n t a l c e n t e r i n g f o r c e o f 1 0 k g i s e x p e c t e d . 
Thermal and Acoustic Effects
The s t e e l s t r u c t u r e s o f v e h i c l e s O p e r a t i n g o v e r a p o w e r e d s o u r c e p r o v i d e a l o w r e l u c t a n c e p a t h f o r magnetic flux.
The a l t e r n a t i n g f l u x f l o w i n g i n t h e s e paths causes both hysteresis and eddy current losses i n t h e s t e e l , r e s u l t i n g i n h e a t i n g .
F i g u r e 16 shows t h e v a r i a t i o n o f t e m p e r a t u r e a t t h e c e n t e r l i n e o f t h e s h e e t v e r s u s t h e e l e v a t i o n a b o v e the source, after steady state conditions were reached. A t t h e e l e v a t i o n o f t h e f l o o r o f a t y p i c a l a u t o m o b i l e , i.e., about 23 cm, a s t a t i o n a r y b a r e s t e e l s h e e t w i t h n a t u r a l c o n v e c t i v e c o o l i n g o n i t s u p p e r s u r f a c e o n l y reached a t e m p e r a t u r e o f 58 OC. I t i s d i f f i c u l t t o compare t h i s t e m p e r a t u r e r i s e t o t h a t o f a formed, p a i n t e d , c a r p e t e d f l o o r p a n o f a c a r .
T h e f o r c e d c o n v e c t i v e c o o l i n g o n t h e l o w e r s i d e i s l i k e l y t o be s i g n i f i c a n t .
F u r t h e r t e s t s i n w h i c h a n i n s t r u m e n t e d c a r i s d r i v e n and parked over an o p e r a t i n g s o u r c e a r e n e c e s s a r y .
A s t e e l s h e e t r e s t i n g d i r e c t l y o n t h e source reached a temperature of about 192%. T h i s t e m p e r a t u r e d o e s n o t i g n i t e o r d i n a r y m a t e r i a l s .
The heating of a s t e e l f u e l t a n k s l u n g b e l o w a v e h i c l e c o u l d b e o f c o n c e r n i f i t s l o w e r s u r f a c e were c l o s e t o t h e road. A p r e l i m i n a r y t e s t was made o f t h e e f f e c t i v e n e s s o f an expanded metal magnetic shield i n r e d u c i n g t h e t h e r m a l i n p u t .
T h e p o s i t i o n a n d m a t e r i a l o f t h e s h i e l d w e r e n o t o p t i m i z e d .
T h e t e m p e r a t u r e r i s e i n t h e 0.75 mm steel sheet above the s h i e l d r e a c h e d a maximum o f 23OC; w i t h o u t t h e s h i e l d , t h e t e m p e r a t u r e r i s e was 35OC. The t e s t i n d i c a t e d t h a t s i m p l e s h i e l d s c a n b e e m p l o y e d t o a d v a n t a g e w h e r e l o c a l h e a t i n g i s o f c o n c e r n .
Tests were also made on a s t e e l -b e l t e d r a d i a l t i r e c e n t e r e d o v e r t h e s o u r c e . T h i s r e p r e s e n t s a " w o r s t c a s e " w i t h r e s p e c t t o p o w e r d i s s i p a t i o n i n t h e s t e e l b e l t . T e m p e r a t u r e r i s e was l o c a l i z e d t o t h e r e g i o n o f c o n t a c t w i t h t h e r o a d .
T h e r e t h e t e n p e r at u r e r o s e 20OC i n a n h o u r . T h i s e f f e c t i s s m a l l compared t o t h e h e a t i n g e f f e c t o f f l e x u r a l l o s s e s i n t h e t i r e . The source laminations had no t r a n s v e r s e damping.
(3) F l u x c o n c e n t r a t i o n s o c c u r r e d n e a r t h e t h i n o u t e r e d g e s o f t h e p i c k u p t h a t i n c r e a s e d m a g n e t o s t r i c t i o n amp1 itudes and consequent v i b r a t i o n s o f t h e p i c k u p edges.
( 4 ) The p r o t o t y p e was i n s t a l l e d i n a small room w i t h b a r e w a l l s .
The f l u x c o n c e n t r a t i o n s i n t h e o u t e r l a m i n a t i o n s of the pickup core were reduced, by adding laminations. T h i s p r o d u c e d a l a r g e r e d u c t i o n i n t h e v i b r a t i o n a m p l i t u d e i n t h e p i c k u p c o r e . F i l l i n g t h e s o u r c e c o r e w i t h u s u a l h i g h w a y c o n s t r u c t i o n m a t e r i a l s i s e x p e c t e d t o p r o v i d e t h e damping necessary t o reduce acoustic e n e r g y f r o m t h e c o u p l i n g t o a v e r y l o w l e v e l .
To e v a l u a t e t h e m a g n i t u d e o f t h i s h e a t i n g , a 22-gage (0.75 mm t h i c k ) s t e e l s h e e t was supported over t h e p r o t o t y p e s o u r c e a t s e v e r a l e l e v a t i o n s .
The sheet i n d u c t i v e power coupling between a powered roadway and a n e l e c t r i c v e h i c l e . T h e f a c i l i t y w i l l i n c l u d e a powered roadway f i f t y meters long, and an e l e c t r i c v e h i c l e e q u i p p e d w i t h a b a t t e r y -and pickup, and t h e i n s t r u m e n t a t i o n and c o n t r o l s n e c e s s a r y t o a c q u i r e d a t a on the system under dynamic conditions. The t e s t v e h i c l e i s a modified 1969 Volkswagen Type 3 chassis. The body and engine were removed, and a sturdy frame and rot 1 cage were b u i l t around the remaining chassis components.
It i s e q u i p p e d w i t h an 8 HP series-wound, DC t r a c t i o n m o t o r w i t h a chopper c o n t r o l l e r , e i g h t 12 v o l t t r a c t i o n b a t t e r i e s , a pickup s u s p e n s i o n s y s t e m , a n d s p a c e f o r e l e c t r o n i c a n d e l e c t r i c a l i n s t r u m e n t a t i o n . P a r t i c u l a r a t t e n t i o n was p a i d t o m a i n t a i n i n g t h e d r i v i n g c h a r a c t e r i s t i c s o f t h e v e h i c l e . T h e p i c k u p o n t h e v e h i c l e will h a v e a c r o s ss e c t i o n s i m i l a r t o t h a t used i n t h e s t a t i c p r o t o t y p e . I t w i l l b e t w i c e as long, allowiong 16 kw o f power t o be coupled. Table  2 summarizes t h e p i c k u p ' s c h a r a c t e ri s t i c s .
A s s o c i a t e d w i t h t h e v e h i c l e ' s r e a c t a n c e w i n d i n g i s t h e p i c k u p ' s c o m p e n s a t i o n c a p a c i t o r b a n k . and t h e r e b y f i x t h e p i c k u p a t a n y d e s i r e d h e i g h t above t h e roadway surface. e l e c t r i c a l and magnetic charact e r i z a t i o n o f t h e p r o t o t y p e , w i t h p a r t i c u l a r emphasis o n e l e c t r o m a g n e t i c i n t e r f e r e n c e i n d u c e d i n n e a r b y s t r u c t u r e s ; and v e h i c l e s u s p e n s i o n t e s t s . 
